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INTRODUCTION 

The role  of r e t r o g r e s s i v e  r e a c t i o n s  i n  l i m i t i n g  t h e  r a t e  and 
e x t e n t  o f  c o a l  l i q u e f a c t i o n  h a s  l o n g  b e e n  r e c o g n i z e d  (1). Whi le  t h e  
n e g a t i v e  impact  of  t h e s e  phenomena on t h e  o v e r a l l  convers ion  i s  c l e a r ,  
t h e i r  c h e m i c a l  n a t u r e  and t h e  e x t e n t  of  t h e i r  i m p a c t  have  y e t  t o  be 
e l u c i d a t e d .  T h i s  i s  d u e ,  i n  p a r t ,  t o  t h e  c o m p l e x i t y  of t h e  problem 
a n d ,  more i m p o r t a n t l y ,  t o  t e c h n i c a l  d i f f i c u l t i e s  i n  r e s o l v i n g  and 
i n v e s t i g a t i n g  c o n s e c u t i v e  dynamic p r o c e s s e s  a t  high tempera tures  and 
p r e s s u r e s .  

Almost f o r t y  y e a r s  ago, Neuworth ( 2 )  and Glenn and h i s  co-workers 
(3) addressed t h i s  problem by equipping  an  a u t o c l a v e  w i t h  a c o l d  head 
r e c e i v e r .  In  t h i s  way, t h e y  hoped t o  suppress  r e t r o g r e s s i v e  r e a c t i o n s  
by removing d i s t i l l a b l e  products  from t h e  h o t  r e a c t i o n  zone as soon a s  
t h e y  were formed.  More r e c e n t l y ,  t w o  o t h e r  a p p r o a c h e s  h a v e  been  
u t i l i z e d .  S h o r t  c o n t a c t  t i m e  (SCT) exper iments  have been employed as 
a means of  c o n t r o l l i n g  s e c o n d a r y  r e a c t i o n s  i n  h o p e s  t h a t  p r i m a r y  
p r o c e s s e s  w i l l  dominate  t h e  convers ion  ( 4 ) .  I n  t h i s  approach,  tub ing  
bombs c o n t a i n i n g  t h e  c o a l  l i q u e f a c t i o n  mixture  a r e  r a p i d l y  hea ted  t o  
a n  a p p r o p r i a t e  t e m p e r a t u r e ,  maintained a t  t h e s e  c o n d i t i o n s  f o r  a s h o r t  
t i m e ,  and  q u i c k l y  c o o l e d  t o  room t e m p e r a t u r e .  O t h e r  i n v e s t i g a t o r s  
(5 ,6 ,7 )  have  p l a c e d  l i q u e f a c t i o n  p r o d u c t s  (e.g. SRC) i n  a n  a u t o c l a v e  
under  l i q u e f a c t i o n  c o n d i t i o n s  i n  o r d e r  t o  e x p l o r e  secondary r e t r o g r e s -  
s i v e  phenomena. 

However, i t  s h o u l d  be q u i t e  obvious t h a t  e x p e r i m e n t a l  approaches 
which c o n f i n e  s t a r t i n g  materials, i n t e r m e d i a t e s ,  and p r o d u c t s  t o  t h e  
same r e a c t i o n  s p a c e  throughout  t h e  c o u r s e  of t h e  convers ion  are s imply 
i n c a p a b l e  of r e s o l v i n g  p r o d u c t i v e  and  c o u n t e r - p r o d u c t i v e  p r o c e s s e s .  
From t h i s  p e r s p e c t i v e ,  a u t o c l a v e s  and t u b i n g  bombs p r o m o t e  ( r a t h e r  
t h a n  i n h i b i t )  secondary i n t e r a c t i o n s  between unreac ted  c o a l  and p r i -  
mary p r o d u c t s ,  t h u s  o b s c u r i n g  p r i m a r y  p a t h w a y s  i n  t h e  c o n v e r s i o n  
process .  Consequent ly ,  dynamic a n a l y s i s  of convers ion  r a t e s  and pro- 
d u c t s  i s  n o t  on ly  d i f f i c u l t  i n  b a t c h  sys tems,  b u t  i n t e r p r e t a t i o n s  of 
t h e  r e s u l t s  f rom t h e s e  exper iments  i n  t e r m s  o f  f u n d a m e n t a l  p r o c e s s e s  
are tenuous. 

In  c o n t r a s t ,  f i x e d  bed f l o w  mode r e a c t o r s  a r e  c a p a b l e  of  r a p i d  
removal and quenching of convers ion  products  and, when a p p r o p r i a t e l y  
des igned ,  a l s o  p r o v i d e  t e m p e r a t u r e  and p r e s s u r e  programing f l e x i b i l -  
i t y .  A s  a means of  i s o l a t i n g  and i n v e s t i g a t i n g  t h e  fundamental  phe- 
nomena wh ich  c o m p r i s e  c o a l  c o n v e r s i o n ,  w e  h a v e  d e v e l o p e d  a u n i q u e ,  
r a p i d  h e a t i n g ,  f l o w  mode m i c r o r e a c t o r  s y s t e m  and  h a v e  u s e d  it t o  
i n v e s t i g a t e  t h e  d y n a m i c s  of  t h e  t h e r m a l  s o l u b i l i z a t i o n  o f  c o a l .  
Impor tan t  f e a t u r e s  of  our  a p p a r a t u s  inc lude :  
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'programable solvent residence times (1 to 30 seconds) 
'programable heating rates (up to 150°C/minUte) 
'temperature and pressure programability 
.rapid quenching of reactor effluent 
'continous, "on-line" optical density monitoring of same 
-data acquisition and manipulation capability 
-time resolved product collection (up to 2 samples/minute). 

The soundness of this approach to resolving fundamental processes 
which comprise coal liquefaction was examined in a series of experi- 
ments. In the first set of experiments, this apparatus was used in a 
temperature programing mode to generate benzene solubilization rate 
profiles for five coals of varying rank. Another set of experiments 
focused on our continuing investigation of supercritical water as a 
medium for coal solubilization (8). Here, conversion rate profiles 
and liquid chromatographic product analysis were used to compare water 
and benzene as solvents for the thermal solubilization of Illinois No. 
6 coal. 

EXPBRIMENTAL 

General 

Coals from the Ames Laboratory Coal Library were used for these 
studies: analytical data for the coals is given in Table 1. Prior to 
use, coals were ground, sized to 200 x 400 mesh, riffled to insure 
uniformity, and dried at llO°C overnight under vacuum. All solvents 
were HPLC grade or better; samples and solvents were stored under 
nitrogen. 

Solubilization Procedure 

Flow mode solubilization experiments using benzene and water were 
carried out in an improved version of our flow mode reactor (9). New 
features include continuous, "on-line" optical density monitoring of 
the reactor effluent: real time data acquisition of optical density, 
temperature, and pressure: and an improved time resolved product 
collection system. In a typical experiment, a preweighed amount (25- 
200 mg) of 200-400 mesh coal was placed in the tubular reactor and 
fixed in place by 2 stainless steel frits. After connecting the 
reactor and purging the apparatus with nitrogen, the entire system was 

Table 1 Analysis of Ames Laboratory Coals 

COAL C 

Dietz No.1 & 2 74.35 
Illinois No.6 80.60 
Kentucky No.9 82.48 
Pittsburg No.8 85.08 
Lower Kittanning 90.04 

ultimate analysis, %a Volatile 
H N SOrg O(diff) Mattera 

5.26 1-09 0.44 18.86 38.6 
5.63 1.56 2.35 9.81 40.4 
5.89 1.91 2.36 7.34 44.2 
6.53 1.54 2.72 4.09 44.8 
4.82 1.66 0.68 2.69 18.4 

a. Dmmf basis: wt % minera matter = 1.13(Wt % Ash) + 0 . 4 7 ( w t  % Spyr 
+ 0.5(wt % Cl). 
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f i l l e d  w i t h  s o l v e n t  and p r e s s u r i z e d  a t  room tempera tu re  b e f o r e  a d j u s t -  
i n g  t h e  s o l v e n t  f l o w  t o  1.0 ml/minute.  The r e a c t o r  was t h e n  i n s e r t e d  
i n t o  t h e  p rehea ted  f u r n a c e  a t  t h e  same t i m e  t h a t  t h e  reactor boos te r  
h e a t e r  w a s  t u r n e d  on. The t a r g e t e d  i n i t i a l  t e m p e r a t u r e  w a s  a l w a y s  
a t t a i n e d  and s t a b i l i z e d  w i t h i n  t h e  f i r s t  3 t o  5 minutes;  and tempera- 
t u r e  and p r e s s u r e  were c o n t r o l l e d  d u r i n g  t h e  conve r s ion  acco rd ing  t o  a 
predetermined program. Temperature  and p r e s s u r e  p r o f i l e s  i n  t h e  coal 
b e d ,  a s  w e l l  a s  t h e  o p t i c a l  d e n s i t y  p r o f i l e  o f  t h e  p r o d u c t  stream, 
were r e c o r d e d  t h r o u g h o u t  t h e  c o n v e r s i o n .  A t  t h e  e n d  o f  t h e  e x p e r i -  
ment ,  t h e  r e a c t o r  was  q u i c k l y  c o o l e d  t o  a m b i e n t  t e m p e r a t u r e  w h i l e  
p u r g i n g  w i t h  n i t r o g e n ;  a n d  t h e  r e s i d u e  was removed f r o m  t h e  r e a c t o r  
and  ( i n  some c a s e s )  we ighed .  S o l u b i l i z a t i o n  y i e l d s  i n  T a b l e  2 a re  
r e p o r t e d  on a dry ,  m i n e r a l  matter f r e e  bas i s .  

L iqu id  Chromatographic A n a l y s i s  of P r o d u c t s  

P r o d u c t s  o f  coa l  s o l u b i l i z a t i o n  were a n a l y z e d  by reverse p h a s e  
h igh -pe r fo r -mance  l i q u i d  c h r o m a t o g r a p h y  on a 4.1 m m  x 300 m m  - 
Bondapak ( p h e n y l / c o r a s i l )  column s u p p l i e d  by A l l t e c h  Associates, Inc. 
Samples were p repa red  f o r  a n a l y s i s  by f i r s t  s t r i p p i n g  t h e  s o l v e n t  from 
t h e  s o l u b i l i z a t i o n  product :  behzene w a s  removed under a s low s t r eam 
of n i t r o g e n  a t  room t e m p e r a t u r e  w h i l e  s amples  c o n t a i n i n g  water were 
hea ted  i n  a water b a t h  ( 6OoC) under  reduced p res su re .  

The d r y  s a m p l e s  were t h e n  d i s s o l v e d  i n  1 m l  of t e t r a h y d r o f u r a n  
and 1 0  1 w a s  i n j e c t e d  o n t o  t h e  column. E x c e l l e n t  (and r ep roduc ib le )  
s e p a r a t i o n  was ach ieved  a t  a f l o w  r a t e  o f  1 ml/minute  u s i n g  g r a d i e n t  
e l u t i o n  techniques.  The i n i t i a l  s o l v e n t  compos i t ion  w a s  38.1% meth- 
a n o l ,  21.6% w a t e r ,  23.9% a c e t o n i t r i l e ,  a n d  10.4% t e t r a h y d r o f u r a n .  
Chromatograms were reco rded  us ing  a v a r i a b l e  wavelength uv d e t e c t o r  
s e t  a t  254 nm. 

RESOLTS 6 DISCUSSION 

Conversion R a t e  P r o f i l e s  fo r  R e p r e s e n t a t i v e  Coa l s  

F o r  a n  I l l i n o i s  No.6 c o a l ,  w e  h a v e  p r e v i o u s l y  f o u n d  a l i n e a r  
c o r r e l a t i o n  between g r a v i m e t r i c a l l y  de t e rmined  c o n v e r s i o n s  and e f f l u -  
e n t  absorbance i n t e g r a t e d  w i t h  r e s p e c t  t o  t i m e  ( integrated absorbance, 
I n t A )  (10); a n d  t h i s  p r o v i d e s  a b a s i s  f o r  i n t e r p r e t i n g  t h e  i n t e g r a t e d  
absorbance cu rve  as  t h e  conve r s ion  r a t e  p r o f i l e .  W e  have a l s o  shown 
t h a t ,  a t  26OoC, b e n z e n e  s o l u b i l i z a t i o n  h a s  no d e t e c t a b l e  t h e r m a l  
chemica l  component wh i l e ,  above 35OoC, t h e  conve r s ion  i s  dominated by 
p y r o l y t i c  p r o c e s s e s  ( 9 ) .  

In  the  f i r s t  series o f  expe r imen t s  w i t h  "on-line" o p t i c a l  d e n s i t y  
mon i to r ing ,  f i v e  coals of va ry ing  r ank  were e x t r a c t e d  w i t h  benzene i n  
c o n s t a n t  p r e s s u r e ,  s t a g e d  t e m p e r a t u r e  experiments .  The p h y s i c a l  ex- 
t r a c t i o n  s t a g e ,  conducted f o r  20 minu tes  a t  26OoC, w a s  fo l lowed  by a 
p y r o l y s i s  s t a g e  a t  390°C f o r  t h e  f i n a l  25 m i n u t e s .  F i g u r e s  1 and  2 
show t h e  r e l a t i v e  a b s o r b a n c e  traces r e c o r d e d  a t  500 nm f o r  26+lmg 
samples  of t h e s e  coals. I n  v i ew o f  t h e  r e l a t i o n s h i p  between conver- 
s i o n  and absorbance,  t h e s e  cu rves  a c t u a l l y  r e p r e s e n t  conve r s ion  ra te  
p r o f i l e s  i n  which e x t r a c t i o n  and t h e r m a l  chemica l  s o l u b i l i z a t i o n  have 
been r e s o l v e d  th rough  t e m p e r a t u r e  programing. Furthermore,  t h e  peak 
a reas  o f f e r  a m e a s u r e  o f  t h e e x t e n t  o f  c o n v e r s i o n a t  e a c h  s t a g e o f t h e  
experiment .  
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Figure 1 illustrates the distinct dynamic behavior of three coals 
(Dietz No. 1&2, %C = 74 .4 ;  Illinois No. 6 ,  %C = 80.6; L. Kittanning, 
%C = 90.0) of different rank under identical conversion conditions. 
As expected, widely different amounts of material were extracted from 
these coals at 26OoC; but the time required for complete physical 
extraction was approximately the same. We interpret this to mean that 
extraction sites within the coal particles were accessed at approxi- 
mately the same rate for all three coal's. From this perspective, 
extraction rate data generated with this apparatus can be used to 
estimate reaction site accessibility under various conditions. 

The pyrolysis portions of the curves (t > 20 minutes) are even 
more characteristic. Again, the extents of conversion differ widely 
but are roughly the same as those determined using batch methods. 
However, in contrast to the 260°C results, the rates of solubiliza- 
tion, especially for Lower Kittanning coal, also vary widely. The 
thermal chemical solubilization of this higher rank coal is practi- 
cally complete within 1 to 2 minutes while most of the Illinois No.6 
coal is converted a 5 to 10 minute period. From these conversion rate 
profiles, it is apparent that there is a small but critical "time 
window" for effectively redirecting chemical pathways under these 
pyrolysis conditions. The former profile also demonstrates that the 
reactor system can resolve events with a time constant of less than a 
minute. The lower limit of this resolution has not yet been experi- 
mentally established. 

Figure 2 shows similar temperature programed solubilization rate 
profiles for three more nearly equivalent coals: Illinois No. 6, 
%C = 80.6; W. Kentucky No. 9, %C = 82.5; Pittsburgh No. 8, %C = 85.1. 
As expected, the two lower rank coals exhibit nearly equivalent behav- 
ior in both the extraction and pyrolysis stages. At this point, it is 
not clear whether the small difference in the second stage patterns is 
significant. The most striking comparison is between the dynamic 
behavior of Pittsburgh No.8 and that of the two lower rank coals. 
While a substantially higher conversion was expected for the 85% 
carbon coal, it is quite interesting that the entire difference re- 
ported to the extraction stage. We are continuing to investigate this 
phenomenon. 

Aqueous vs. Benzene Solubilization of Illinois No. 6 Coal 

Total weight loss determinations, "on-line" optical density mon- 
itoring, and staged pressure programing were used to compare benzene 
and water as solvents for the thermal solubilization of Illinois No.6 
coal; the results are summarized in Table 2. On the basis of both 
weight loss and, more clearly, integrated absorbance, conversion in 
benzene at 36OoC is greater for single stage solubilization (Exp. 
No.1) than for staged pressure conversion (Exp.No.2). These re- 
sults are consistent with the general observation that, in the super- 
critical phase, the solubility of a substance increases with fluid 
density. During the low pressure (low density) stage, extraction of 
liquefaction products is inefficient; and, consequently, a portion of 
the unextracted products undergoes secondary "fixing" (retrogressive) 
reactions to form a more refractory material. This "fixed" material 
is no longer recoverable and cannot be extracted when the fluid phase 
density is increased to that of the one stage experiment (3180 psi). 

In contrast, such retrogressive behavior is not observed when 
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P a b l e  2. Thermal S o l u b i l i z a t i o n  of I l l i n o i s  No. 6 Coal 

EXP --- F i r s t  stage ---- --- Second stage ---- T o t a l  Weight 
No Solvent  Temp P r e s s  Time I n t  Temp P r e s s  Time I n t  I n t  Lossb 

(OC) (psi) (min) *sa (OC) (psi) b i n )  *sa -sa ( 8 )  

8 C6H6 360 3180 60 709 - - - -  709 35.6 

17 H20 370 2950 60 - - - - -  - 
68 H20 370 1925 60 - 370 2950 60 - - 35.9 

6 C6H6 360 1280 20 153 360 3180 40 314 467 33.2 

36.1 

- 644 38.5 
4 C6H6 390 1500 20 210 390 3180 40 175 385 35.0 

c6H6 390 3180 60 644 - - -  

- 135 3 H20 390 3700 60 135 - - -  - 
7 H20 390 1950 20 19 390 3700 40 114 133 45.0 

a. I n t e g r a t e d  Absorbance :  a r e a  u n d e r  t h e  500 nm a b s o r b a n c e  t r a c e ;  

b. Dmmf b a s i s .  
normalized t o  25.0 mg of s t a r t i n g  coa l .  

water i s  u s e d  as  t h e  s o l v e n t  f o r  t h e r m a l  s o l u b i l i z a t i o n  o f  I l l i n o i s  
No. 6 c o a l .  A t  370°C, t h e  t o t a l  c o n v e r s i o n  o f  I l l i n o i s  No. 6 c o a l  i n  
a two s t a g e  exper iment  (Exp. NO. 68) is  comparable t o  t h e  conversion 
obta ined  i n  a s i n g l e  s t a g e  exper iment  (Exp. No. 17). E i t h e r  water  is  
a c t i n g  t o  i n h i b i t  r e t r o g r e s s i v e  r e a c t i o n s  or t h e  p r o d u c t s  of  t h e s e  
" f i x i n g "  r e a c t i o n s  are r e a c t i v e  i n  ( w i t h ? )  water b u t  n o t  i n  benzene. 

The l as t  f o u r  exper iments ,  conducted a t  39OoC, were des igned  t o  
f u r t h e r  e x p l o r e  s o l v e n t  induced d i f f e r e n c e s  i n  s o l u b i l i z a t i o n  behav- 
i o r .  We reasoned t h a t ,  a t  h i g h e r  t e m p e r a t u r e s ,  r e t r o g r e s s i v e  pathways 
should be more i m p o r t a n t  and, t h u s ,  d i f f e r e n c e s  a t t r i b u t a b l e  t o  these  
phenomena might  be more c l e a r l y  d i s c e r n a b l e .  The r e l a t i v e  absorbance 
t r a c e s  f o r  benzene and w a t e r  s o l u b i l i z a t i o n  of  I l l i n o i s  No.6 c o a l  a r e  
presented  i n  F i g u r e s  3 and 4, r e s p e c t i v e l y ;  and i n t e g r a t e d  absorbance 
v a l u e s  f o r  t h e  v a r i o u s  s t a g e s  o f  t h e s e  e x p e r i m e n t s  are i n c l u d e d  i n  
Table  2. D i s t i n c t  d i f f e r e n c e s  i n  t h e  dynamic s o l u b i l i z a t i o n  behavior  
i n  benzene  ( F i g u r e  3) and water ( F i g u r e  4) s u g g e s t s  t h a t  t h e  c o n v e r -  
s i o n  i s  p r o c e e d i n g  v i a  d i f f e r e n t  c h e m i c a l  p a t h w a y s  i n  t h e  two sol- 
v e n t s .  A c o m p a r i s o n  of  t h e  s i n g l e  s t a g e  a n d  t w o  s t a g e  i n t e g r a t e d  
a b s o r b a n c e  v a l u e s  f o r  b e n z e n e  (Exp. Nos. 2 & 4) and water  (Exp. Nos. 3 
L 7) f u r t h e r  s u p p o r t s  t h i s  not ion.  

This  h y p o t h e s i s ,  t h a t  t h e  t h e r m a l  s o l u b i l i z a t i o n  of I l l i n o i s  No. 
6 c o a l  p r o c e e d s  d i f f e r e n t l y  i n  b e n z e n e  t h a n  i t  d o e s  i n  w a t e r ,  w a s  
t e s t e d  by a n a l y z i n g  t h e  s o l u b i l i z a t i o n  p r o d u c t s  w i t h  h igh  performance 
l i q u i d  chromatography. Using a r e v e r s e  phase method, t h e  f i r s t  and 
second s t a g e  p r o d u c t s  from t h e  p r e s s u r e  programed benzene s o l u b i l i z a -  
t i o n  (Exp. No. 4) w e r e  compared t o  t h e i r  water d e r i v e d  c o u n t e r p a r t s  
(Exp. NO. 7). The r e s u l t i n g  c h r o m a t o g r a m s  f o r  t h e  low p r e s s u r e  
p r o d u c t s  are  o v e r l a i d  i n  F i g u r e  5 and t h e  h i g h  p r e s s u r e  o v e r l a y  i s  
shown i n  F i g u r e  6. U n q u e s t i o n a b l y ,  t h e  p r o d u c t s  p r o d u c e d  i n  b o t h  
s t a g e s  of t h e  benzene convers ion  are d i f f e r e n t  from t h o s e  obta ined  i n  
t h e  c o r r e s p o n d i n g  s t a g e s  o f  a q u e o u s  s o l u b i l i z a t i o n .  The n a t u r e  of 
t h e s e  d i f f e r e n c e s  w i l l  be  t h e  f o c u s  of f u r t h e r  i n v e s t i g a t i o n .  
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These experiments illustrate rather clearly the usefulness of the 
flow mode approach as a means of isolating particular conversion 
phenomena and investigating dynamic behavior during coal liquefaction. 
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Figure 1. Staged Temperature Benzene Solubilization of Different Rank 
Coals. First Stage: 26OoC/3180 psi; Second Stage: 390°C/ 
3180 psi. 
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Figure 2. Staged Temperature Benzene Solubilization uf Similar Rank 
Coals. First Stage: 26OoC/3180 psi; Second Stage: 39OoC/ 
3180 psi. 
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Figure 3. Effect of Pressure on Benzene Solubilization of Illinois N o 6  

Coal at 39OoC. Single Stage:3180 psi;Two Stage:1500/3180 psi. 
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Figure 4. Effect of Pressure on Aqueous Solubilization of Illinois No6 
coal at 390OC. Single Stage:3700 psi;l'Wo Stage:1950/3700 psi. 
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